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SUMMARY

Presented in this investigation are analytical methods for
evaluating performance of open propellers, ducted propellers,
and turbofans for the purpose of selecting the most suitable
propulsion system for Army aircraft mission requirements.
Techniques are presented for trade-off analyses and opti-
mization of the basic design parameters of each propulsion
system. These techniques utilize specially developed
nomographs, which can effectively be applied for preliminary
design purposes. The nomographs and other numerical results
presented in this report are based on the available perform-
ance data for the three propulsion systems.

iii




FOREWORD

The work reported herein was sponsored by the U.S. Army
Aviation Materiel Laboratories (USAAVLABS), Fort Eustis,
Virginia, and was performed by the Dynasciences Corporation,
Blue Bell, Pennsylvania, under Contract DA 44-177-AMC-437(T),
during the period from June 1966 through October 1967.

Mr., James Gomez, Jr., was the Army technical representative.
His contributions to this work are gratefully acknowledged.
Recognition is given to Mr. H. V. Borst of the Boeing Company,
Vertol Division, Morton, Pennsylvania, for his comments
regarding this program. Acknowledgement is made to Mr. G.
Rosen of Hamilton Standard, Division of United Aircraft
Corporation, Windsor Locks, Connecticut, for his help and
cooperation in supplying the additional ducted propeller data.
The following Dynasciences Corporation personnel contributed
to this work:

Mr. D. S. Douglas - Aeronautical Engineer

Mr. S. Mills - Sr. Aeronautical Engineer

Mr. T. Fukushima - Sr. Aeronautical Engineer
Mr. E. Kisielowski - Manager, Aeronautics

Mr. H. G. Somerson - Director, Applied Sciences



II

III

IV

TABLE OF CONTENTS

Page
SUMMARY . . . . « + & o« & e . . 111
FOREWORD . . . . & & « o o o o . v
LIST OF ILLUSTRATIONS . . . . . . . 1x
LIST OF TABLES . . . . . . . . .« . xi1
LIST OF SYMBOLS . . . . . . . . . xiv
INTRODUCTION . . .« .« « « « « . . 1

OPTIMIZATION PROCEDURES FOR PROPULSION SYSTEMS 3

A‘ OPEN mOPELLER * . L L] L] L] L ] L] 3
B L ] DUCTED PROPELLER . L] L L ) ® L ) L] 1 3
C. TU“OFM L ) L . . L] L] L] L4 L] L 17
SIMPLIFIED PERFORMANCE METHOD . . . . . 18
A. DESCRIPTION OF NOMOGRAPHS . . . . . 27
B. USE OF THE NOMOGRAPHS . . . . . . 28
C. SAMPLE CALCULATIONS e e e e e e 31
D. EXPERIMENTAL VERIFICATION OF THE

waRAP}{S L o L ] L] L L L] L L] L] 36
COMPARATIVE EVALUATION OF PROPULSION SYSTEMS 42
A. CRITERIA FOR COMPARISON ¢« e e e 42
B. PERFORMANCE ANALYSIS e e e e e e 47
C. WEIGHT ANALYSIS . . . . . « .+ . 58
D. VIBRATORY STRESS ANALYSIS . . . . . 64
E. RESULTS OF THE COMPARATIVE STUDY . 65
APPLICATION STUDY . . . . . =« .« =« . 94
A. CRITERIA FOR SYSTEMS EVALUATION . . . 94
B. RESULTS OF THE APPLICATION STUDY o« e 96
C. EVALUATION OF PROPULSION SYSTEMS o« . 104

vii



Page

Vi CONCLUSIONS AND RECOMMENDATIONS . . . . . 107
VI I REFERmCm L J L] [ ] L] L) L L [ ] [ ] . L] L] 108
APPENDIXES

I. REVIEW OF THE AVAILABLE THEORETICAL
ANALYSES FOR VARIOUS PROPULSION SYSTEMS 112

II. PERFORMANCE AND WEIGHT DATA e o« « 134
DISmBmION L L] L] L ] L) L L L4 L 4 L ] L] 146

viii




——

10

11

LIST OF ILLUSTRATIONS

Static Performance Data for Open
Propeller . . . . =« « « o

Cruise Performance Data for Open
Propeller (100 CP/AF Versus J for

Constant ICr4) . . . . . . .

Cruise Performance Data for Open
Propeller (7 Versus J for Constant Cp)

Variation of Propeller Activity Factor
Versus Percent Reduction in Propulsive
Efficiency e ¢ o e e s e

Norograph for Determining Performance
of Open Propellers - Static Condition

Nomograph for Determining Performance
of Open Propellers - Cruise Condition

Nomograph for Determining Performance
of Shrouded Propellers - Static
Condition o e e e e e s s

Nomograph for Determining Performance
of Shrouded Propellers - Cruise
Condition c & & e o s e e

Variation of Propeller Activity Factor
With Figure of Merit and Cruise
Efficiency e e e e e e e e

Generalized Performance Data Variation
Of kD With kv . . . . . ° .

Direct-Drive Concentric Front Fan System

Weight as a Function of Gas Generator
Unsupercharged Airflow, Turbine Inlet
Temperature of 2020°F . . . . .

ix

12

19

2l

23

25

35

52

62



Figure Page

12 Overall Efficiency Versus Design Cruise

Speed L d L] L] L] L[] L] [ ] L[] L] L] * L] 67
13 Relative Productivity Versus Cruise

speed L[] L] ® L] . * . L[] L[] L L[] L 68
14 Maximum Relative Productivity Versus

Mission Range e e e e e e e e 72
15 Cruise Mach Number at Maximum Productivity

Versus Range O 73
16 Relative Fuel Consumption Versus Cruise

S peed L L] L] [ ] . L) ] LJ . L] [ ] . 74

17 Minimum Relative Fuel Consumption Versus
Range L] L] . L L 4 L] L] L) L] L ] * L] 7 7
18 Payload to Gross Weight Ratio Versus

fropeller Diameter - Open Propeller
Propulsion System . . . . . . . . 79

19 Payload to Gross Weight Ratio Versus
Propeller Diameter - Ducted Propeller
Propulsion System . . . . . . . . 80
20 Payload to Gross Weight Ratio Versus

Turbofan Bypass Ratio for Various
Distributions of the Available Gas
Generator Energy Supplied to the Fan 81

21 Turbofan Propulsion System Slipstream
Velocity Versus Bypass Ratio for Various
Distributions of Gas Generator Available
Energy Delivered to the Fan T R 93

22 Relative Productivity of Three
Propulsion Systems . . .« . . . . . 98
23 Relative Weight of Three Propulsion

Systems . . ¢« o ¢ s e e e e 99



Figure Page

24 Open Propeller Propulsion System
Aircraft Integration Configuration . . 100
25 Ducted Propeller Propulsion System
Aircraft Integration Configuration . . 101
26 Turbofan Propulsion System Aircraft
: Integration Configuration . . . . . 102
27 Schematic Representation of the Flow
Through an Actuator Disc . . . . . 113
28 Blade Element at Radius r From Propeller
ij.s L[] L [ ] L L ] L] [ ] L4 [ ] L] L] L] 117
29 Propeller Wake Represented by a System
of Helicoidal Sheets . . . . . . . 120
1 30 Trailing Vortex Spiral Geometry . . . 122
t 31 Schematic Representation of the Flow of

1 a Ducted Propeller . . . . . . . 124

, 32 Mathematical Model of the Ducted Propeller
‘ Flow Field . . . . . . . . . . 128

33 Flow Through an Annular Element of a
Shrouded Propeller R 130

T T T T

xi

i e e e b L . e o e S e



LIST OF TABLES

Table Page

I Preliminary Results for Determining
Compromise Open Propeller . . . . . .« . 34

II Correlation of the Nomograph Results
(Figure 5) With the Test Data of Reference 4 37

III Correlation of the Nomograph Results
(Figures 5 and 6) With the Test Data of
Reference 5 R T R T e 38

IV Correlation of the Nomograph Results
(Figure 6) With the Test Data of Reference 6 39

v Correlation of Nomograph Results (Figures 7
and 8) With the Test Data of Reference 7 40

VI Open Propeller Propulsion System
Configurations e e o o o o e o & e 43

VII Ducted Propeller Propulsion System
Configurations B e I R [ | 44

VIII Turbofan Propulsion System Configurations . . 45

IX Weight Comparison of Integrated Propulsion
systems ’ lb. [ ] L J [ 4 [ ] [ ) . [ ] ] [ 4 * L 97

X Performance Payoff Matrix - Equal Relative
Utility L] L ] ] [ ] [ ) L] L] . L ] . L] L) 104

XI Performance Payoff Matrix - Relative Utility
SChedU].e 1 . . . . . . . . 0 . . . 105

XII Performance Payoff Matrix - Relative Utility
S Chedul e 2 L J L[] L] L . ] L ] L] [ ] ] L ] l 06

xii



e A

Table Page

X111 Turbofan Parameters Investigated . . . . 133

XIV Open Propeller Propulsion System Performance
and Weight Data s s ® e w % s+ e ® 135

Xv Ducted Propeller Propulsion System
Performance and Weight Data . . . . . . 138

XV1 Turbofan Propulsion System Performance and
Weight Data . . . . . . +« .+« « o« . 142

xiii



AF

AR

LIST OF SYMBOLS

area, ft:.2

lift curve slope of a two-dimensional wing

per radian

10 3
100,000 Bl(«rx r
activity factor, _Ta——f(d) (R) d(R)
0.2

aspect ratio, b
S

number of blades

wing span, ft.

chord, ft.
drag coefficient, DZ
%PV Sy
lift coefficient, LZ
5PV Sy
power coefficient, P
3.5
pn d
thrust coefficient,
pnzd4

diameter, ft.
drag, lb.
slope of 1lift curve per radian

energy supplied, ft.-1b./sec.
xiv



e Oswald's wing efficiency factor

F blade element in plane force, lb.

Fp shroud drag fa:tor

Fg engine exhaust residual thrust, 1b.

FM figure of merit, .707 Ils /-I—

erZ

f equivalent flat plate area, ft.2

Hp heating value of fuel, BTU/lb.

HP; installed horsepower

IC integrated design 1ift coefficient,

Ly
10 3 3 :
4 | CL,(= =
u(®) <(F)
02
J advance ratio, Y_X 60
Nd

JEg mechanical equivalent of heat, 778 ft.-1b./BTU

K constant as defined in the text

K(x) Theodorsen circulation function

k . interference factor
- kp drag factor, drag at cruise speed to drag
; at (L/D)g.
1
; k, speed factor, cruise speed to speed
[ corresponding to (L/D)max speed



z X 3 c

3

SHP

Sw

TAF

1ift, 1b.
engine length, ft.

Mach number

propeller speed, revolutions per minute

propeller speed, revolutions per second

crash load factor

power, ft.-1b./sec.

ideal power, ft.-1lb./sec.

pressure, 1b./ft.?2

freestream dynamic pressure, % sz, 1b. /ft.

radius, ft.
radius of a blade element, ft.
shaft horsepower

wing area, ft.2

thrust, 1b.
total activity factor
temperature, °R

shroud wall thickness, ft.

maximum thickness, ft.
useful work, ft.-1lb./sec.

velocity, ft./sec.

xvi

2



tip speed, ft./sec.

induced velocity - taken to be at propeller
plane when used without subscript, ft./sec.

crew weight, 1b.

control and starting system weight, 1b.
drive system weight, 1b.

empty weight, 1lb,

equipment and structural weight, 1b.
fuel system weight, 1b.

gross weight, 1b.

engine installation weight, 1b.

engine weight, 1b.

propulsion system weight, 1b.
payload, 1b.

propeller weight, 1b.

shroud weight, 1b.

useful load, 1b.

wing weight, 1b.

gas generator unsupercharged airflow 1b./sec.

xvii



wp

WRF
W/b

X,Y,2

fuel flow rate, lb./sec.
oil weight, 1b.
residual fluids weight, 1b.

wing span loading, 1b./ft.
coordinate axis system

blade radial station, %

blade angle of attack, radians

blade circulation, ft.2/sec.
tan-l(CD/CL)for entire blade, deg.
strength of duct vortex, ft.2/sec.

strength of propeller vortex, ft.2/sec.

increment

locel Cp/Cy

duct constant

blade local pitch angle, deg.
L

inflow parameter, i
Ve

total propulsive efficiency, I%X
transmission efficiency

overall efficiency of propulsion system

xviii



o

¢

SUBSCRIPTS

A

v}

a U o

"y

a2}

PL

compressor efficiency

constant, 3.14159

air density, slugs/cu. ft.

1 BC
solidity, R

blade local induced angle

aircraft

boattail

cruise

drag

ducted propeller
equivalent wing

exit

fuel

skin friction, or frontal
ideal condition

jet

maximum frontal area
nacelle

power

payload

xix



te

wet

propeller or parasite

ram

ring wing

static or shroud

supplied

total or tip

condition at trailing edge
wetted area

condition of freestream
condition ahead of propeller plane
condition behind propeller plane

condition at far wake or at infinity



I. INTRODUCTION

In modern preliminary design of high performance aircraft, it
is necessary to provide the designer with reliable means of
selecting the propulsion system which would best satisfy the
alircraft mission requirements. Due to recent advances in
propulsion system technology, there is now a variety of
propulsion systems capable of performing the same mission.
Consequently, there is a need for rapid and effective analyt-
ical methods for evaluating comparat.ive performance of
various propulsion systems. This program is directed toward
satisfying this neced.

The main objective of this work is to perform an analytical
study for comparing the performance of open and ducted
propellers and turbofans and to formulate methodology for
selecting the most suitable propulsion system for a given
aircraft mission. Considered in this study are weight trends,
installation effects, operational requirements, and complex-
ities peculiar to each propulsive system.

In addition, methods are developed for optimizing the basic
geometric parameters of each propulsion system for any
flight condition from hover (static) to high forward speed.
These methods also provide off-design performance for each
system, thereby aiding the compromise between flight
conditions while depicting the respective penalties imposed.
The selection of the most suitable propulsion system for a
given aircraft mission is made by a parametric trade-off
analysis of the imposed performance penalties associated with
each system, and that system which yields maximum overall
performance is selected.

Optimization and trade-off analyses for each propulsion
system can be conveniently performed by utilizing specially
developed performance nomographs, samples of which are
included in this report. These nomographs comprise a rapid
anu effective preliminary design tool for optimization and
selection of the most suitable propulsion system for V/STOL
aircraft.



The nomographs and other numerical results presented are
based on the available performance data for the three
propulsion systems considered.

Section II contains an outline of the analytical procedures
for optimization and trade-off analyses. These procedures
can be considerably simplified by utilizing specially
developed performance nomographs which are presented in
Section III. A comparative evaluation of the three
propulsion systems is presented in Section IV. Finally,

an application study is presented in Section V, where the
most suitable propulsive system is selected utilizing a
specified alrcraft mission.

The theoretical analyses utilized to generate the required
performance data for the three selected propulsion systens
are reviewed in Appendix I. Appendix II contains comparative
performance results obtained for these systems.



II. OPTIMIZATION PROCEDURES FOR PROPULSION SYSTEMS

Presented in this section are the aralytical procedures for
optimization and trade-off analyses of open propeller, ducted
propeller, and turbofan propulsion systems. These procedures
utilize the most up-to-date performance data available for
each propulsion system.

Presented in Appendix I is a section comprising a brief
review of the available theoretical analyses which are
commonly used for performance evaluation of open and ducted
propellers and turbofan propulsion systems.

A. OPEN PROPELLER

The available data which can be most readily applied to
performance predictions of open propellers are presented in
the form of performance maps in References 1 and 2. These
data were generated utilizing the most recent refinements

in the strip analysis method augmented by appropriate
propeller test data. The performance maps of these references
are preserited as functions of the propeller blade integrated
design parameters, such as blade activity factor (AF) and
integrated design 1ift coefficient (ICL,).

The activity factor expresses the capacity of the blade to
absorb power and the integrated design lift coefficient gives
a measure of an averaged blade camber.

Although the performance data contained in References 1 and
2 are interchangeably used for general propeller work, the
data of the former reference are herein utilized to develop
the analytical procedures for optimization and trade-off
analyses of open propellers. In order to better illustrate
these procedures, which are outlined below, samples of the
performance maps of Reference 1 are herein reproduced in
Figures 1 through 3.

l. Static Condition

a. Establish the following design parameters:

(1) Design static thrust required - Tg, 1b.

3
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Figure 1. Static Performance Data for Open Propeller.
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(2) Propeller rotational speed - n, rev.p.s.
(3) Propeller diameter - d, ft.

(4) Density at any altitude -p , slugs/ft3.
(5) Number of blades - B.

Using Figure 1(a) or the equivalent charts of
Reference 1 (depending on the number of blades),
select a value for integrated design C], and determine

a minimum y and the corresponding value of 100 Cp/AF.
The minimum value of y 1is selected to ensure minimum
average ratio of blade Cp/Ci,.

With the minimum value of y determined in step b,
enter Figure 1(b) or the equivalent charts of
Reference 1 (depending on the number of blades) and
obtain a cross plot of wndT/HP versus Cp.

Repeat steps b and c¢ for different values of ICp;

and obtain a complete plot of wndT/HP versus Cp for
the selected constant values of ICL; corresponding to
the minimum y .

Also, plot the relationship of 100 Cp/AF versus ICL,,

using the results of step b.

Compute wndT/HP = K/Cp

where K = 5507 T/ pn2d%

Superimpose this relationship (i.e., K/Cp versus Cp)
on the plot of wndT/HP versus Cp of step d, and

obtain the points of intersection of the computed
curve (K/C Ps) with the chart curves ( wndT/HP).

From the points of intersection of step f, plot the
relationship Cp versus ICLi'



Using the values of Cp from step g, compute power

(P) and then obtain the corresponding figure of
merit, ™, from

1 T T
™ = N  —
P *R

Plot the figure of merit versus ICy, and determine the

N

maximum figure of merit, M ,,, and the corresponding
value of ICp,.

With the value of ICLi (corresponding to the maximum
figure of merit) from step i, enter the plot of Cp
versus ICLi from step g and determine the correspond-

ing value of Cp.

Also, using the same value of ICLi determined in
step 1, enter the plot of 100 Cp/AF versus ICy, from
step e and determine the parameter 100 Cp/AF.

Knowing Cp from step i and 100 Cp/AF from step j,

compute the optimum activity factor, AF, corresponding
to the maximum figure of merit.

Tabulate optimum propeller performance parameters
AF, ICLi’ r min, HP’ mo

Cruise Condition

a.

Establish the following design parameters for cruise:
(1) Design cruise thrust - Tg, lb.
(2) Propeller rotational speed - n, rev.p.s.

(3) Propeller diameter - d, ft,.
8
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(4) Cruise speed - V, ft./sec.
(5) Density at any altitude - p , slugs/ft:.3
(6) Number of blades - B

Compute advance ratio J = V/nd using values of V, n,
and d from step a. With this value of J, enter
Figures 2(a), 2(b), nd 2(c) or the equivalent set
of charts from Reference 1 (depending on the number
of blades), and obtain a plot of 100 Cp/AF versus y

for constant values of ICLi.

With the same value of J as in step b, enter
efficiency - urves of Figures 3(a), 3(b), and 3(c) or
the equivalent set of charts fron Reference 1
(depending on the number of blades), and obtain a plot
of n = (CT/Cp, J versus y for constant values of Cp.

Using the plot of 100 Cg/AF versus y from step b,
determine the minimum value of y for each ICy, and

plot 100 Cp/AF versus ICL,.

With minimum values of ¥y , determined in step d,
enter the plot of 7 versus y from step ¢ and obtain
the relationship of # versus Cp for constant values

of ICL,.

Using the design parameters given in step a, compute
n = K/CP (where K = CpJ)

for several values of Cp. Superimpose this relation-
ship on the plot of 9 versus Cp from step e and

obtain the points of intersection of the computed
curve (K/Cp) with the chart curves of step e.



g. From the points of intersection of step f, determine
the maximum efficiency 9 max and the corresponding

values of C pand ICy, -

h. With the value of ICL1 determined in step g, enter
the plot of 100 Cp/AF versus ICL; from step d and
obtain the value of 100 Cp/AF.

1. Knowing Cp from step g and 100 Cp/AF from step h,
compute the optimum activity factor AF.

j. Tabulate the final results,

The above procedures yield the propeller geometry in terms of
average values (i.e., activity factor, integrated design Cy),
the figure of merit of an optimum static propeller, and the
propulsive efficiency of an optimum cruise propeller. Since
no propeller can be truly optimum in both static and forward
flight, it i{s necessary to determine a compromise geometry.
The following method incorporates a trade-off between the
optimum figure of merit in static condition and the optimum
efficiency in cruise conditictn, to determine a compromise
propeller.

3. Compromise Between Static and Cruise Conditions

a. Reduce the static optimum figure of merit and the
optimum cruise efficiency by an appropriate increment,
e.f., 5 percent,

b. For the reduced figure of merit (PM) and the cruise
efficiency (n), compute the power required, using

c 0.707Tg =
M (p n3d>) pwd
Cted

CPC = -?C"

10
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c. Using static thrust, compute the term (r ndT/HP)g,

d. Using Figure 1(b) and the value of (w¥ndT/HP)g from
step c, plot a graph of Cpg versus y.

e. From the graph of step d and the value of Cpg from

step b (static case), determine the corresponding
value of y .

f. With the known value of IC; and the value of y

from step e, enter Figure 1(a) and determine
(100 Cp/AF)g.

g. Compute the static activity factor using the value of

(100 Cp/AF)g from step f and the value of CPS from step b.

h. Using the plot of 7 versus y obtained in step 2.c
(cruise case) and the value of cruise Cp, and 9 from

step b, determine the corresponding value for y .

i. Using the plot of (100 Cp/AF)c versus y obtained in

step 2.b and the value of y obtained in step h,
determine (100 Cp/AF)c.

j. Determine the cruise (AF)..

k. Reduce the efficiency in static and cruise by an
appropriate increment and return to step b. Continue
reducing until the activity factors in static and
cruise are equal.

The results of these procedures are illustrated in Figure 4,
which shows a plot of propeller activity factor as a function
of percent reduction from the optimum propeller efficiency
for two different propeller diameters.

The shaded areas of Figure 4 represent the regions of best
compromise between static and cruise conditions. It can be
seen that these regions reduce tor larger propeller radii,
which implies that a more effective compromise is possible
with a larger diameter propeller. However, the final choice
for a compromise propeller will dz2pend on the aircraft
mission and weight requirements.

11
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B. DUCTED PROPELLER

Procedures similar to those developed for open propellers can
be formulated for ducted propellers. The procedures for
ducted propellers are based on the performance maps for a
generalized family of shrouded propellers, as presented in
Reference 3. These performance maps apply to a wide range

of operating conditions, including static and high cruise
speed regimes, and a wide range of duct exit area ratios.
Other duct geometric parameters such as length-to-diameter
ratio, blade tip clearance, and intake lip radius are
considered to be typical for subsonic operations within the
limitations of one-dimensional incompressible momentum theory.
These limitations are that length-to-diameter ratio is
greater than 1.0, that blade tip clearance is approximately
zero, and that the intake lip radius is of bellmouth shape.

Reference 3 also provides compressibility correction curves
as a function of propeller critical Mach number and shroud
exit area ratio. These curves are herein utilized to account
for compressibility effects on ducted propeller performance
at high subsonic Mach numbers.

Using the data of Reference 3, the following analytical
procedures can be established to determine an optimum static
and an optimum cruise ducted propeller as well as a best
compromise between these two flight conditions:

1. Static Condition

a. Assume the following design parameters:
(1) Propeller rotational speed - n, rev.p.s.
(2) Propeller diameter - d, ft.
(3) Total thrust - Trg, 1b.
(4) Exit area ratio.

(5) Density at any altitude -p , slugs/ft3.

13



Choose a value of IC1; and, using the appropriate

static performance maps from Reference 3, construct
a graph of CTT/C[»versus TAF for constant values of

Cp.

On the graph of step b, construct a locus of peak
Crp/Cp points corresponding to each Cp.

Using the values from step ¢, construct a graph of
Crp/Cp versus Cp.

On the graph of step d, plot the term Cry/Cp for
selected values of Cp.

(NOTE: Crp is a known parameter.)

The intersection of the curve of step e with the
curve of step d gives the required value of Crj/Cp
and Cp.

Using the values of CTT/CP and Cp obtained in step f,

determine the total activity factor TAF from the
graph of step b.

Compute the figure of merit, FM, using

T T
M - 0.707 —L T
P pAp

Choose another integrated Cy; and return to step b.

Choose the highest figure of marit and the
corresponding values for TAF, Cp, and ICLi-

Cruise Condition

a.

Establish the following design parameters:

14



l. Propeller rotational speed - n, rev.p.s.
2. Propeller diameter - d, ft.

3. Total cruise thrust - TTc’ 1b.

4, Exit area ratio.
5. Altitude density - p, slugs/ft3
Calculate advance ratio, J, using

J =V/nd

Choose an integrated Cp, and, using the efficiency

charts from Reference 3, construct a graph of 97
versus Cp for constant values of TAF.

On the graph of step c, construct a locus of peak
efficiencies.

Using the values from step d, plot a graph of 7g
versus Cp.

On the graph of step e, plot the relationship
7t = K/Cp

where k = CTTJ

The intersection of the curve of step e with the
curve of step f ylelds the required values of 7
(total efficiency) and Cp.

Using the values obtained in step g, determine TAF
from the graph of step c.

Choose another value of ICL1 and return to step c.
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Select the highest total efficiency, #1, and the
corresponding values for ICLi» TAF, and Cp.

Similar to the analysis for the free propeller, the preceding
procedures determine the geometry in terms of ave.-age values
(1.e., total activity factor, integrated design CL) and the
efficiency of an optimum static propeller and an optimum
cruise propeller in a duct. The following procedure develops
a compromise ducted propeller between static and cruise
requirements.

3. Compromise Between Static and Cruise

a.

Reduce the static optimum figure of merit and the
optimum cruise efficiency by an appropriate
increment, {.e., 5 percent.

For the reduced figure of merit, ™M, and efficiency,
7T, compute the power required, using

Co = 2107 15 Ts
Ps 35 —
M(pnid’) PAp
Cp. J
¢, - _TC
e

Compute (CTT/Cp)S using static thrust.

Using the values of Cpy and (CTT/CP)S obtained in steps
b and c, respectively, enter the plot of(CTT/CP)S
versus TAF in step 1.,b and read off the value of TAF
for static case.

Similarly, using the values of T and CpS obtained in

step b, enter the plot of 71 versus CPc in step 2.c
and read off the value of TAF for cruise case.

16
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f. Reduce the efficiency in static and cruise by an
appropriate increment and return to step b. Continue
reducing until the total activity factors in static

and cruise are equal.

C. TURBOFAN

The available turbofan performance data which are presented
for concentric fans cannot be used to determine performance
of fans alone. Therefore, it is not possible to formulate
analytical procedures for optimization of fan parmeters as
in the case of open or ducted propellers. Instead, turbofan
systems can be optimized on the basis of fan-engine overall
performance as is accomplished in the comparative study,
Section IV of this report.

17



I11. SIMPLIFIED PERFORMANCE METHOD

The analytical procedures for optimization and trade-off
analyses of propulsion systems described in Section III can
be considerably simplified by the use of specially developed
performance nomographs. Sample nomographs for open and
ducted propellers operating in static and cruise conditions
are presented in Figures 5 through 8. The open propeller
nomographs are derived from the available propeller perform-
ance data presented in References 1 and 2, whereas those
for ducted propellers are based on the performance data of
Reference 3. The nomographs for turbofans could not be
presented in the same form as those for open or ducted
propellers due to difference in parameters utilized for
performance computations of combined fan-engine propulsion
system, The nomographs (Figures 5 through 8) represent a
rapid performance method which can be used to determine an
optimum propulsive device for a given flight condition, an
off-design performance for a given system, or a best
compromise between static and cruise operation. The charts
can also be used as a basis for studies of the trade-off
between performance of various propulsion devices; as such,
they represent an effective preliminary design tool for
selection of the most suitable propulsion system for a given
alrcraft mission,

In applying these performance charts to propeller or ducted
propeller design problems, the following input parameters
are required: static thrust, cruise thrust, propeller
diameter, propeller rotational speed, number of blades,

and cruise speed. The output parameters obtainable from the
nomographs are: blade activity factor or, in the case of
ducted propellers, total activity factor, integrated design
Cp, figure of merit, cruise efficiency, power required, and

power loading (T/HP) in static and cruise conditions. The
power loading of a given propulsion system is herein defined
as the ratio of total thrust per horsepower (T/HP).

This section presents a brief description of the nomographs.

their usage, and sample calculations. Experimental verifi-
cation of the accuracy of these charts is also provided.
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of Open Propellers - Static Condition.

Figure 5.
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of Open Propellers - Cruise Condition.

Figure 6.
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A. DESCRIPTION OF NOMOGRAPHS

The nomographs presented in Figures 5 and 6 apply to open
propellers operating in static and cruise conditions

(J = 2.0), respectively. These charts were derived for a
near optimum blade-integrated design lift coefficient of
ICL;- 0.5 and apply to propellers having four blades

(B = 4). The open-propeller nomographs utilize activity
factor (AF) as the primary blade design parameter.

Figures 7 and 8 present similar nomographs for ducted
propellers operating in static and cruise conditions

(J = 2.6), respectively. These charts utilize the total
activity factor (TAF) as the primary blade design parameter
and therefore apply to ducted propellers with any number of
blades.

Each nomograph (Figures 5 through 8) consists of a set of
five related charts designated as Figures A through E. The
first chart (Figure A) of each nomograph presents a carpet
plot of propeller or ducted propeller disc loadings versus
tip speed, and the corresponding thrust coefficient.

Figure B of each nomograph shows a plot of thrust coefficient
versus power coefficient for constant values of propeller
figure of merit (for static conditions) and cruise efficiency
(for cruise conditions). The lines of optimum figure of
merit for static conditions and optimum cruise efficiency for
cruise are also indicated on each plot, respectively.

Figure C of each nomograph relates propeller power coefficient
to blade activity factor (or total propeller activity factor
for ducted propellers) for constant values of thrust
coefficient. The lines of optimum activity factor (or total
activity factor) are also indicated on each plot.

Figure D represents a relationship between blade activity
factor (or total activity factor for ducted propeller) and
the corresponding thrust coefficient to power coetficient
ratio for constant values of thrust coefficient. The
corresponding optimum propeller lines are also shown on
each plot.
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Finally, Figure E presents a carpet plot relating thrust
coefficient to power coefficient ratio versus propeller tip
speed and power loading (T/HP).

B. USE OF THE NOMOGRAPHS

The basic procedure for utilizing the nomographs is explained
graphically in the key of each chart. As mentioned
previously, the nomographs can be used to determine an
optimum static and an optimum cruise open or ducted propeller
system, and to determine the best compromise system for the
two operating conditions. These procedures are outlined
below:

1. Optimum Propulsion System for Static or Cruise Conditions

a. Determine the following parameters:

(1) Total thrust in static or cruise conditions -
T, 1b.

(2) Propeller diameter - d, ft.

(3) Propeller rotational speed or tip speed -
Vo, ft./sec.

(4) Number of blades.
(5) Density at any altitude - p , slugs/ft.3

b. Compute the required thrust coefficient using

Then, for a given tip speed (from step a), obtain
the corresponding disc loading using Figure A of
the appropriate nomographs.
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Alternatively, compute disc loading using

Then, for a given tip speed, (from step a), obtain
the corresponding thrust coefficient using Figure A.

With a known value of thrust coefficient (Cp) (from

step b), enter Figure B of the appropriate nomograph
and read off propeller power coefficient (Cp)

corresponding to an optimum figure of merit or an
optimum cruise efficiency.

Using Cp from step c, enter Figure C of the appro-

priate nomograph and obtain the optimum activity
factor (or total activity factor for ducted
propeller) corresponding to the optimum propeller
line.

Using the value of optimum activity factor from

step d, enter Figure D of the appropriate nomograph
and obtain the thrust coefficient-to-power coefficient
ratio corresponding to the optimum propeller line.

With known values of thrust coefficient-to-power
coefficient ratio (from step e) and propeller tip
speed (from step a), enter Figure E of the appro-
priate nomograph and obtain the corresponding power
loading (PL).

Compromise System Between Static and Cruise Operating

Conditions

a.

In order to determine a propulsion system geometry which would
represent the best compromise between static and cruise
operating conditions, the following procedure can be utilized:

Determine static and cruise thrust coefficients as
shown in step b above.
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With the known values of thrust coefficients (from
step a), enter Figure B of the appropriate nomographs
(one for static and one for cruise for the same
propulsion system) and obtain the values of optimum
figure of merit and optimum cruise efficiency.

Reduce the values of optimum figure of merit and
optimum cruise efficiency by appropriate increments
(e.g., 5 percent), and read off the corresponding
static and cruise power coefficients using Figure B
of the appropriate nomographs.

With known values of static and cruise power
coefficients (from step ¢) and fixed values of the
static and cruise thrust coefficients (from step a),
enter Figure C of the appropriate nomographs and
obtain the corresponding values of activity factors
(or total activity factors for ducted propeller
system) .

Using the results of step d, obtain a plot of activity
factor (or total activity factor for ducted propeller
system) versus figure of merit and cruise efficiency.
Select a common activity factor for the two operating
conditions. This selection can be performed on the
basis of a given mission requirement or on the basis
of a fixed percent reduction from maximum efficiency
either in static or cruise condition.

Using the common activity factor determined in step e
and known values of static and cruise thrust
coefficients from step a, enter Figure D of the
appropriate nomographs and obtain the thrust-to-power
coefficient ratio for each operating condition.

Using the values of thrust-to-power coefficient ratio
from step f and the known values of propeller tip
speed, enter appropriate nomographs, Figure E, and
read off the static and cruise power loadings.
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C. SAMPLE CALCULATIONS

In order to better illustrate the nomograph performance
procedures, the following sample calculations are presented:

1. Optimum Static Propeller

a. Assume the following parameters:
Tg - 11,000 1b., Vy = 900, and d = 19.5 ft.

b. Compute the required thrust coefficient Cp using the
following equation:

2
L

Tg =
S pvgld?

C

= .148

Then, using Vp = 900 ft./sec., enter Figure 5A and
obtain the disc loading (DL).

DL = 37

or alternatively, compute the disc loading (DL)
using the following equation:

DL

1]

4TS—3683
wd?

Then, using V; = 900 ft./sec., enter Figure 5A and
obtain the required C1g-

CTS = ,148

c. Using the value of Cy_ from step b, enter Figure 5B
and read off the power coefficient, Cps corresponding
to the optimum figure of merit line, thus

CpS = ,053
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Using CpS from step c, enter Figure 5C and obtain
the optimum activity factor corresponding to the
optimum propeller line, thus:

(AF)S = 89

Using the value of optimum activity factor AF from
step c, enter Figure 5D and obtain the valuve of
(Cp/Cp)g corresponding to the optimum propeller line,

thus:

(Cr/Cp)g = 2.81

With the known value of Cp/Cp from step e and VT =

900 ft./sec. from step a, enter Figure 5E and obtain
the power loading PL.

(PL)S = 5.4

2. Optimum Cruise Propeller

a.

Assume the following parameters:

Tc = 935.4 1b., Vp = 540, d = 19.5, and J = 2.00

Compute the required CTC using the following equation:

C it 035
Te = =
C pvld?

Then, using VT = 540 ft./sec., enter Figure 6A and
obtain the disc loading DL.

DL = 3.1

Alternatively, determine the disc loading (DL) using
the following equation:

3TC
DL = - = 3. 18
nd
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Then, using Vr = 540 ft./sec., enter Figure 6A and
obtain the required Cr..

Crg = -035

With the known value of C1c from step b, enter Figure
6B and read the required power coefficient Cpg

corresponding to the optimum cruise efficiency line,
thus:

Cpg = -074

Using Cp; from step c, enter Figure 6C and obtain the

optimum act.vity factor (AF) corresponding to the
optimum propeller line.

Using the value of optimum activity factor (AF) from
step d, enter Figure 6D and read off the value of
(CT/Cp) corresponding to the optimum propeller line.

(Cp/Cp)g = .485

With (CT/CP)C from step e and Vp = 540 from step a,
enter Figure 6E and obtain the power loading PL.

Compromise Open Propeller

a.

With the values of static and cruise thrust coeffi-
cients of Crg = 0.148 and CTC = 0.035 determined in

steps 1(b) and 2(b), respectively, enter Figures 5B
and 6B (optimum propeller lines) and read off the
corresponding values of optimum figure of merit and
the optimum cruise efficiency, thus:

FM = 0.970 and % = 0.96
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Reduce the values of optimum figure of merit and
optimum cruise efficiency using appropriate
increments (e.g., 5 percent), and for known values
of CTS and CTC obtain the corresponding power

coefficients CpS and CTC using Figures 5B and 6B,

respectively.

Using the values of Crg and Cpg, and Cr, and Cp,

from step b, enter Figures 5C and 6C, respectively,
and obtain the corresponding static and cruise
activity factors. Summarize the results thus obtained
as shown in Table I below.

TABLE I

PRELIMINARY RESULTS FOR DETERMINING
COMPROMISE OPEN PROPELLER

Static Cruise

M CPS (AF)S CTC n CPC (AF)C

D.148

0.87 0.054 89 0.035 0.96 0.074 20
0.80 0.058 60 0.90 0.078 48
0.75 0.062 58 0.85 0.083 70
0.80 0.087 84

Using the results of Table II, plot the propeller
activity factors obtained for static and cruise
conditions versus figure of merit and cruise
efficiency, respectively, as shown in Figure 9. If
the criterium for compromise is that both efficiencies
for static and cruise conditions are equal, then the
common propeller activity factor from Figure 9 is 72.5
and the corresponding efficiencies are 0.8% percent.
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e. Using this common activity factor of AF = 72.5, and

the values of CTS 0.148 and CT = 0.035, enter
c
Figures 5D and 6D, respectively, and obtain the

corresponding thrust power coefficients, thus:
(Cr/Cp)g = 2.79

f. With the static and cruise values of (CT/Cp) obtained

in step e and the corresponding propeller tip speeds,
enter Figures 5E and 6E, respectively, and read off
the power loadings, thus:

(PL)S = 5.3
(PL)c = 1.2 (extrapolated for 540 fps)

The sample calculations for ducted propellers can be performed
in exactly the same manner as those outlined above for open
propellers. In this case, the nomographs in Figures 7 and 8
would be utilized.

D. EXPERIMENTAL VERIFICATION OF THE NOMOGRAPHS

This section contains an experimental verification of the
performance results presented in the nomographs with the
available test data contained in References 4 through 7.

1. Correlation of Nomograph Results With Test Data of
Reference 4

Reference 4 presents the test data for open propellers
operating in static conditions (J = 0). These data apply to
the propeller having the following geometric parameters:
IC; = 0.5, AF =103, d = 13 ft. 1 in., and B = 4 blades.

Table I1 shows a comparison of the measured values of T/SHP
and the corresponding results obtained from the nomograph in
Figure 5.
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TABLE 11

CORRELATION OF THE NOMOGRAPH RESULTS
(FIGURE 5) WITH THE TEST DATA OF REFERENCE 4

T/SHP
Nomograph
J Cp Reference 4 Figure 5
0 0.119 3.45 3.7
0 0.057 52 5.3

The above table indicates a good correlation of the test data
and the nomograph results.

2. Correlation of Nomograph Results With Test Data of
Reference 5

Reference 5 presents the open propeller test data for static
and cruise conditions. The propeller geometry was ICLi

0.498, AF =90, d = 14 ft., and B = 4 blades. Table III shows
a comparison of the measured and the nomograph values of
thrust coefficients obtained for various power settings.
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TABLE III
CORRELATION OF THE NOMOGRAPH RESULTS
(FIGURES 5 AND 6) WITH THE TEST DATA OF REFERENCE 5
Cr
Nomographs
J Cp Reference 5 Figures 5 and 6
) 0.08 0.177 .17
0.06 0.151 .16
0.07 0.165 .175
2 0.04 0.01 .009
0.06 0.01 .018
0.08 0.031 .03

The above table indicates a good correlation of the measured
and the nomograph values of thrust coefficients for both
static and cruise conditions.

3. Correlation of Nomograph Results With Test Data of
Reference 6

Reference 6 presents the test data for the XC-142 2FF
propeller operating at advance ratio of J = 2.0. The
propeller geometric parameters were ICL; = 0.5, AF = 105,

d 15.625 ft., and B = 4 blades. Table IV shows a comparison
of the measured and the nomograph values of thrust coefficients
obtained for various power settings.
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TABLE 1V
CORRELATION OF THE NOMOGRAPH RESULTS
SFIGURE 62 WITH THE TEST DATA OF REFERENCE 6
(a) Static Condition
Cr
Nomograph
J Cp Reference 6 Figure 5
) .10 2.07 2.15
.12 1.85 1.92
.14 1.75 1.73
(b) Cruise Condition
Cr
Nomograph
J Cp Reference 6 Figure 6
2.0 0.06 0.02 0.015
0.07 0.025 0.022
0.08 0.031 0.0275

The above table indicates good to fair correlation of the test
data and the corresponding nomograph results.
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4. Correlation of Nomograph Results With the Test Data of
Reference 7

Reference 7 presents the data for shrouded propellers tested
at static and various cruise speeds. The shrouded propeller
geometry was: TAF = 960, ICLi = 0,13, d =2 ft, 5 in., and

exit area ratio = 1.0. The duct overall geometry was the
same for both static and cruise tests with the exception of
the duct 1lip radius; i.e., the lip radius for static
condition was increased as compared to that at cruise.
Table V shows the comparison of the measured and the nomo-
graph performance results.

TABLE V

CORRELATION OF NOMOGRAPH RESULTS
(FIGURES 7 AND 8) WITH THE TEST DATA OF REFERENCE 7

(a) Static Condition

Nomograph
J Cp Reference 7 Figure 7
0 0.4 1.65 1.68
0.3 1.9 1.9
0.2 2.2 2.25
0.1 2.6 2.64
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TABLE V_(CONTINUED)

(b) Cruise Condition

Crp/Cp
Nomograph
J Reference 7 Figure 8
1.0 0.8 0.835
1.2 0.625 0.7
1.6 0.8 0.87

The above table indicates a good correlation of the test
data and the corresponding nomograph results for both static
and cruise operating conditions.
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IV. COMPARATIVE EVALUATION OF PROPULSION SYSTEMS

A. CRITERIA FOR COMPARISON

The comparative evaluation of open propeller, ducted
propeller, and turbofan propulsion systems is herein
performed on the basis of aircraft-propulsion system
performance, weight, vibratory stress levels, operational
requirements, and complexities peculiar to each system.

The performance computations were made assuming typical
V/STOL aircraft parameters such as equivalent flat plate drag
area of 8 ft.2, wing span loading of 460 1lb./ft., wing aspect
ratio of 6.0, Oswald wing efficiency factor of 0.8, and a
total design gross weight of 20,000 1b. The aircraft
configuration considered is a tilt-wing type for the open
propeller system and a tilt-propulsion system type for both
ducted propeller and turbofan systems. Each configuration

1s equipped with two propulsion systems of the same type
possessing concentrically located gas generators and power
turbines. The propulsion systems are interconnected with
shafting so as to permit single engine operation. Normally,
however, the aircraft total power requirement is equally
shared by the engines.

The propulsion systems were designed to a static thrust/gross
weight requirement of 1.1 at 6000 ft. pressure altitude and
95°F temperature. Tables VI through VIII summarize the range
of the most pertinent design parameters considered for each
system,

The weight analysis was performed utilizing the most recently
available weight trend data for each propulsion system.
Engine installation weight was accounted for by utilizing
suitable semi-empirical relationships. The aircraft equip-
ment and structural weight was assumed to be invariant for
each propulsion system considered and was computed on the
basis of constant percentage of vehicle total gross weight.

The fuel weight for each propulsion system was computed for
an appropriate combination of cruise speeds and ranges,
assuming a total hovering time of 5 minutes at the design
condition. The cruise speeds varied between the speeds
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TABLE VI
OPEN_PROPELLER PROPULSION SYSTEM CONFIGURATIONS
onf, Static Disc Blade
o. Loading Activity
‘ LQ,[F;.Z Factor Remarks
1 37.2 140 All configurations are based
on:
2 37.2 130 1. 4-bladed propeller
2. Blade integrated lift
3 37.2 120 coefficient of ICLy
= ,5
4 37.2 115 3. T64-16 turboshaft engine
a. Gas generator
5 35.2 120 pressure ratio of
13:1
6 35.2 110 b. Maximum turbine
inlet temperature
7 35.2 100 of 2000°F
c. Exhaust_area of
8 33.5 100 450 1in.?2
9 33.5 90
10 33.5 85
_—
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TABLE VII
DUCT OPELLER TIONS
onf, Static Disc Total
o. Loading Activity
Lb, /Fe. 2 Factor Remarks
1 96.25 500 All configuracions are based
on:
2 96.25 600 1. &4-bladed propeller
2. Blade integrated 1lift

3 96.25 700 coefficient of ICy;

= ,5
4 88.5 400 3. Shroud exit area ratio

a. Cruise 1:1
5 88.5 500 b. Static 1.2:1

4. T64~16 turboshaft

6 88.5 550 engine

a. Gas generator
7 88.5 600 pressure ratio of

13:1
8 75.3 400 b. Maximum turbine
inlet temperature

9 75.3 500 of 2000°F

c. Exhaust_area of

10 75.3 600 450 4n.2
mm#&_d




TURBOFAN PROPULSION SYSTEM CONFIGURATIONS

TABLE VIII

—_—— ———— -
Conf. Percent Fan Fan
No. Available Pressure Bypass
Energy Ratio Ratio Remarks
1 85 1.60 5.31 All configurations are
based on:
2 85 1.45 6.78 1. Direct-drive
concentric front
3 85 1.30 9.78 fan arrangement
2. Gas generator
4 55 1.60 3.31 pressure ratio
of 13:1
5 55 1.45 4.36 3. Maximum turbine
inlet temperature
6 55 1.30 6.43 of 2020°F
7 45 1.60 2.73
8 45 1.45 3.59
9 45 1.30 5.29
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limited by the minimum thrust required and the maximum

thrust available, whereas the selected ranges considered in
this study were 100, 300, and 500 nautical miles. The fuel
weight was increased by approximately 15 percent to allow

for 10 percent reserve fuel and 5 percent installation losses.
The specific fuel consumption for each performance segment
was computed based on the initial takeoff gross weight.

The vibratory stress analysis, which constitutes an important
consideration in the comparative evaluation of propulsion
systems, was of necessity qualitative. A quantitative
analysis of vibratory stress levels requires a detailed
knowledge of blade section properties and blade section
airload distribution and is beyond the scope of the present
program.
The comparative evaluation of open propeller, ducted
propeller, and turbofan propulsion systems was performed on
the basis of the following parameters:

1. Overall efficiency 7),.

2. Relative productiv:l. ty, WPLVC /WE .

3. Relative fuel consumption, wg/Wpr.

4. Payload-to-gross weight ratio, Wpp/Wg.
In addition, the following operational requirements and
complexities peculiar to each propulsion system were
considered:

1. Installation effects.

2. Control system complexity.

3. Deicing requirements.

4. Noise,

5. Exit velocity.

6. Maintainability and reliability.
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The sections below present the methods of analysis and the
results obtained from the comparative evaluation study.

B. PE E_ANALYSIS

1. Total Required Thrust

The total thrust to be generated by a propulsion system can
be expressed as follows:

Tpr =Dy + Dy + FR - Fg + Dg (1)
where
D, = aircraft drag, lb.
DN = fan nacelle and/or engine nacelle drag, lb.
FR = engine ram drag, 1b.

Fg = engine exhaust residual thrust, lb.
Dg = ducted propeller shroud drag, lb.

The drag contributions of various aircraft components and the
propulsion systems can be determined from the subsections
below.

a. Aircraft and Propulsion Systém Drag (Dp.y)

Using the equivalent flat plate area of f, = 8 ft.z,
as defined in section A above, the aircraft parasite
drag can be expressed as

DAP = 8q (2)

Engine nacelle drag or turbofan nacelle drag can be
generally expressed as follows:

A
DN = gAmax Cpg *+ Cpg —2& K (3)
Amax
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where the ratio of nacelle wetted surface area Aye¢
and nacelle maximum frontal area A,,, is defined by
geometry as

Avet _ , _L(_‘Ll. + 1) (4)
Amax d'"lax dﬂ\ax

where

dnax = maximum frontal diameter, ft.

dj = jet exhaust diameter, ft.

- engine length, ft.

Using References 8 and 9, the following engine

nacelle parameters are obtained for the T-64-GE-16
engine:

'} d;

= ¢.0,
dmax dmax

= 0.7, K =1.0, Ay = 450 in.?

dy \2 2 2
Apax = Ajfl——)" = 439 = 918 1n.” = 6.37 f¢,
% "/(dm 0.49

Cpg = 0.05, Cp, = 0.0025

Substituting the above values into equations (3)
and (4) yields
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* Dy =0.425 x q per engine

For two engines, the total nacelle drag is

Dy = 2 x 0.425q = 0.85q

or fy = Dy/q = 0.85 ft.?

The above value of f)y is herein utilized to account

for engine nacelle drag for both open propeller and
ducted propeller aircraft configurations.

For the turbeofan configuration, the nacelle drag is
based on the fan nacelle maximum frontal area, Afmax’
which depends on turbofan bypass ratio and

pressure ratio. Since the latter parameters are
considered as variables, it is convenient to express
the turbofan nacelle drag in terms of Afmax.

Thus, using Reference 8, the following turbofan
parameters are obtained:

L =1.15, dy = 0.98, K=1.1

dmax dmax

Cpg = 0.0213, Cp, = 0.0025

Substituting the above values into equations (3)
and (4) yields
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Bwet 5y 1.15 (0.98 + 1) = 2.3 x 1.98 = 4.554
Amax

DN -(q)Af,,, (0.0213 + 0.0025 x 4.554) 1.1

= 0.036(q)Ag . /engine

For two turbofan systems,

Dy = 0.072(a)Af__

or fy = DN/q = 0.072 Afax

The total equivalent flat-plate area for the air-
craft and the propulsion system drag can be
expressed as follows:

£ = £, +fy (5)

The combined aircraft, nacelle, and wing-induced drag
at any cruise speed can be conveniently determined
by utilizing the established performance methods of
Reference 10. From this reference, the cruise

speed and the corresponding aircraft drag for
maximum lift-to-drag ratio are given by

_ 12,9 /
V(L/D) oy ~ Y W/b (6)
and
(DA+N) (L/y ., = 1+132 a/Ele (7)
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e

where

W/b = wing span loading, lb./ft.
e = Oswald wing efficiency factor (0.8)
f = equivalent flat plate area (equation

5)

For any cruise speed and V(L/D)max’ given by

equation (6), the cruise speed factor ky can be
determined as

Ve

= — (8)
V(L/D)max

kv

With a known ky factor (given by equation 8), the
corresponding drag factor kp can now be determined

using Figure 10 reproduced from Reference 10. The
combined aircraft nacelle and wing drag for any
cruise speed can then be computed from the following
relationship:

D(a+N) =(kD)D(A+N)(L/D)max (9)

where D(A+N)(L/D)max is given by equation (7).

Engine Exhaust Thrust (Fg), Ram Drag (FR), and
Ducted Propeller Shroud Drag (Dg)

The engine exhaust residual gross thrust (Fg),
engine ram drag (FR), and ducted propeller shroud
drag (Dg) (if applicable) can be determined by a

simple, rapidly convergent iteration procedure.
This procedure is as follows:
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Figure 10, Generalized Performance Data
Variation of kp With ky.
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(1) For a given cruise speed, compute combined
aircraft and nacelle drag as given by
equation (9) and determine

TT D A+N
CT=77=-L2—%

pn-d pn-d

P _ Dea+N) Yo
5

pn3d

and

(2) Also, compute engine shaft horsepower as
follows

N 550

(3) with a known shaft horsepower and a cruise
speed, enter the engine specification charts
and read off engine residual exhaust thrust Fg.

Also, obtain the airflow wy and compute engine
ram drag using

FR-_-W—AVQ

q

(4) Calculate a better approximation for total
thrust from

TT = D(A+N) + FR - FC
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(5) For open propeller and turbofan systems, repeat
steps (1) through (4) until convergence in
total thrust is achieved. This will yield the
final value of the total thrust required for
open propeller and turbofan propulsion systems.

(6) For ducted propeller propulsion systemg, enter
the value of total thrust from step (4) into
ducted propeller charts, Figures 1.2 through

1.9 of Reference 3, and obtain shroud drag
factor Fp.

(7) Compute the ducted propeller shroud drag:
Dg = TT(l-FD)
where Tr is obtained in step (4).

(8) cCalculate the better approximation for total
thrust using

Tt = D(a+N) * FR - Fg + Dg
(9) Repeat steps (1) through (4) and (6) through

(8) until convergence in TT is achieved. This

will yield the final value of total thrust
required for ducted propeller propulsion systems.

2. Ring Wing Equivalent

In comparative evaluation of the performance of the three
propulsion systems considered, it is necessary to account for
the increment of lift due to the shroud of a ducted propeller
or turbofan. This can be performed by determining a ring
wing equivalent.

According to Reference 11, the lift developed by a ring wing
is twice the 1ift of an elliptic wing with a root chord equal
to the chord of the ring airfoil and a span equal to the
ring wing diameter. If the ring airfoil lift coefficient is
based on its projected planform area, then

LRw = 2 LEw (10)
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or

dCy, dCr

( da aqs) RW ~ 2(cla qs) EW (1L)
dcy _ fac)  wmdc

(da )RW ac = Z(Ha )Ew 4 $23

dCy, 5 dCy,
(&')Rw - l2r (ET)EW (13)

From Reference 12, the lift curve slope for an elliptic wing
is given by

da [EW AR+2§AR+4)

AR+2

Substituting equation (14) into equation (13) and simpli-
fying, there results

dc 2
r (d_f)Rw B 2? 1+4 ) (15)
: AR

1+—K§:E—-

The aspect ratio for an elliptic wing is defined as

_ 4d
AR = »C (16)
& Substituting equation (16) into equation (15) and simplifying,

4 there follows
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AN 2 o
da Jry L+(1+wc/d)/ (1428)

In order to maintain a constant aircraft total lift (equal
to gross weight) for all three propulsion systems, an
appropriate reduction in wing area must be made for ducted
propeller and turbofan propulsion systems. This wing area
reduction is given by

dc ac
Asy = 2 Snw(d—:‘)aw/(#)w (18)

where for the conventional wing

dC
(_L) = __aga (19)
da /W lﬁ;xi

For the ducted propeller shroud geometry given by C/d = 0.5
and the turbofan nacelle geometry given by C/d = 1.15, the
corresponding reductions in wing area (AR = 6.0) are given by;

For ducted propeller

2
Asw =1.16d

For turbofan

= 2
ASw = 1,31d

3. Overall Propulsion System Efficiency

One of the parameters used for comparative evaluation of
various propulsion systems is overall efficiency. This
efficiency is defined as the ratio of useful work performed
to the total supplied energy; thus,
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Mo = E. (20)

The useful work performed is the product of aircraft total
drag and the flight speed; thus

Uy = DpVg (21)

This useful work can also be expressed in terms of ambient
absolute temperature (t°,R) and aircraft flight Mach number
(M), as follows:

Uy = (D)49/t M (22)
The energy supplied to the propulsion system is given by

ES = JE HF WF/3600 (23)

where

Jg

mechanical equivalent of heat, 778 ft.-1b./BTU

Hp = heating value of the fuel, BTU/1b.

fuel flow rate, 1lb./hr.

YF
Substituting equations (22) and (23) into equation (20),

there follows

_226.74 DAVEM
Hp wp

™ (24)

Assuming a sea level standard condition and a fuel heating
value of Hp = 18,400 BTU/1b., equation (24) is reduced to
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Mo = 0.28 — (25)

C. WEIGHT ANALYSIS

1. Total Aircraft Weight (Wg)

The total aircraft weight can be expressed as follows:

Wg = WyL + WEg (26)

where

wUL = useful load, 1b.

Wg = empty weight, 1b.

2., Useful Load (WUL)

The useful load is given by

WyL = WpL *+ Wg * Wp + Wo + WRp (27)
where
Wpr = payload, 1b.
Wc = crew weight, 1b.
wp = fuel weight, 1b.
wo = oil weight, 1b.
WRr = residual fluids weight, 1b.
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In the present analysis the following were considered as
fixed weights:

wfixed o WC + wo + wRF = 550 1b. (28)

Using the above value of fixed weight, the useful load can
be expressed as

WyL = 550 + Wpp + wf

3. Empty Weight (Wg)

The aircraft empty weight can be expressed as follows:

Wg = Wp + Wy + Wg g - Quy (29)

where
Wp = propulsion system weight, 1b.
Wi = engine installation weight, 1b,
wE,S = equipment and structural weight, 1b.
zfsww = reduction of wing weight due to decrease of
wing area to account for propulsion system

shroud 1lift, 1b.

a. Propulsion System Weight (¥p)

The open and ducted propeller propulsion system
weight is given by

WP = we + Wpr + WS + Wd + Wc,s + WFS (30)
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where

W, = engine weight, 1b.
Wp, = propeller weight, 1b.
Wg = shroud weight, 1b.
Wq = drive system weight, lb.
wc,s = control and star:ting system weight, 1b.

fuel system weight, 1lb.

=
A

Each of the above propulsion system weight coniponents
can be obtained utilizing the following relation-
ships:

From Reference 9,

We = 690 Np (31)

From Reference 2,

Wpy = 271 [(5116)1-85 (%)0-7 (,:_ga)o.s (zo_b,'g%)o's

(%%2)0.12 (v + 1.0)0'5] ) (32)

From Reference 13,

W = .718[TTd2C/tc]o°4 Np (33)
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From Reference 14,

Wy = .095Q0+ 84 Np (34)
Wps = 30 Np + .3 wp/6.5 (36)
where

B = number of propeller blades

Np = number of engines (or number of
propulsion systems in this analysis)

AF = blade activity factor
Q = engine torque
M = design Mach number
tc = shroud wall thickness
SHP = design value of shaft horsepower
The turbofan propulsion system weight can be
directly obtained from Figure 11, This weight,
which is a function of fan pressure ratio, bypass
ratio, and the airflow, includes the weight of gas
generator, controls and accessories, shaft and

bearings, turbine, nacelle, and fan.

Engine Installation Weight (¥WI)

The open and ducted propeller installation weight
includes the weight of nacelles and attachments and
is given by

61



Weight - 1b.

3500 ' v Y
Bypass Ratio 9.79
/
/
3000 ,’ 6.78
5.31
/
5.29
2000 Z4.36
7/ 3.31
3.59
2sil3
1500
1
€0 Pan Pressure Ratio
1.6 eo——
]_.3 —-_—
500
0 -
0 20 40 60 80 100
Airflow - 1lb./sec.
Figure 11. Direct-Drive Concentric Front Fan System

Weight as a Function of Gas Generator
Unsupercharged Airflow, Turbine Inlet

Temperature of 2020°F.
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Wy = }_{ﬁ N (37)
100 P

where
HP; = installed horsepower
The turbofan installation weight includes the weight

of pylons and attachments and according to Reference
14 can be expressed as follows:

wp = (Wpne) 041 vp (38)

where
ne = crash load factor

Equipment and Structural Weight (YE,S)

This weight includes total aircraft body weight
(with wings, tailplane, vertical fin, etc.),

weight of cross-shafting between propulsion systems,
flight control weight, alighting gear weight,
instrument and navigational equipment weight, and
alr-conditioning and deicing weight. In the present
analysis, the equipment and structural weight was
assumed to be equal to 40 percent of the total air-
craft gross weight for each propulsion system
analyzed. Thus,

wE,S = 0.4 Wg (39)
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d. Wing Weight Reduction (AWy)

Although the total wing weight is included in the
structural weight (equation (39)), a small reduction
in wing weight AWy is achievable as a result of
propulsion system shroud 1ift. In order to maintain
a constant aircraft lift (equal to total gross
weight) for all propulsion systems, the basic wing
area can be reduced bv the amount of ASy as given
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